Introduction
============

Tuberculosis (TB) affects millions of people every year and is ranked as the second leading cause of human death from an infectious disease after acquired immune deficiency syndrome.[@b1-ijn-11-1889] It is caused by *Mycobacterium tuberculosis*, which typically affects the lungs. Most people recover from primary TB infection without further evidence of the disease. However, the infection may stay dormant for years, and in some, it can reactivate.[@b1-ijn-11-1889] The probability of disease is higher in men, than in women, and immunocompromised adults.[@b1-ijn-11-1889] The treatment regimen includes combination of four first-line drugs, namely, rifampicin, isoniazid, pyrazinamide, and ethambutol.[@b2-ijn-11-1889] However, development of drug resistance among mycobacteria against these conventional antibiotics is a matter of great concern requiring immediate attention. Improper use of drugs, inappropriate treatment regimen, and failure to ensure its completeness in TB patients lead to the development of drug-resistant mycobacterial strains.[@b3-ijn-11-1889] There are reports on multidrug-resistant (MDR)- and extensively drug-resistant (XDR)-TB, which requires second-line anti-TB drugs, such as capreomycin, levofloxacin, terizidone, clarithromycin, and linezolid.[@b4-ijn-11-1889] Treatment of both MDR-and XDR-TB is longer, costly, and has more side effects.[@b3-ijn-11-1889],[@b4-ijn-11-1889] According to the World Health Organization, 105 countries have reported XDR-TB cases. Globally, 3.7% of new cases and 20% of the previously treated cases were estimated to have MDR-TB. The average proportion of MDR-TB cases with XDR-TB is 9.7%.[@b3-ijn-11-1889] Since MDR- and XDR-TB have become serious problems worldwide, there is an urgent need to discover new antitubercular compounds. Great efforts have been made to find both synthetic compounds and natural products to battle MDR- and XDR-TB.[@b5-ijn-11-1889]--[@b7-ijn-11-1889] Nanotechnology offers a novel and promising approach to devise alternate antimycobacterial formulations.

In our earlier report, we demonstrated the antimycobacterial potency of silver nanoparticles (AgNPs) synthesized through bacterial and chemical reduction.[@b8-ijn-11-1889] Although those AgNPs exhibited mycobactericidal activity, their selectivity index was too low (up to 23) as compared to the standard anti-TB drug, rifampicin. Recently, bimetallic nanoparticles comprising of gold and silver have been reported to possess greater antimicrobial activity than monometallic ones.[@b9-ijn-11-1889],[@b10-ijn-11-1889] Synthesis of such bimetallic nanoparticles employing bacteria is a rare phenomenon. However, phytosynthesis of bimetallic nanoparticles has received major attention because of clean, nontoxic, and eco-friendly procedures.[@b11-ijn-11-1889] *Barleria prionitis*, *Plumbago zeylanica*, and *Syzygium cumini* are well-known medicinal plants. The leaves, roots, and bark of these plants are used to cure stomach disorders, sore throat, toothache, bronchitis, asthma, thirst, urinary infections, biliousness, dysentery, fever, piles, feet laceration, ulcer, and pimples.[@b12-ijn-11-1889],[@b13-ijn-11-1889] Plumbagin, a major flavonoid present in roots of *P. zeylanica*, exhibits plasmid-curing and antimicrobial property.[@b14-ijn-11-1889],[@b15-ijn-11-1889] Phytochemical analysis of solvent extracts indicated the presence of glycosides, saponins, phenols, flavonoids, steroids, tannins, etc, which may lead to enhanced medicinal properties and biocompatibility in metal nanoparticles beneficial for therapeutic applications.[@b9-ijn-11-1889] Moreover, phytogenic metal nanoparticles are reported to possess antimicrobial property.[@b9-ijn-11-1889],[@b10-ijn-11-1889],[@b16-ijn-11-1889] Therefore, we extended the study to screen phytogenic AgNPs, gold nanoparticles (AuNPs), and gold--silver bimetallic nanoparticles (Au--AgNPs) for their antimycobacterial activity to develop novel and nonclassical antitubercular agents.

Materials and methods
=====================

Chemicals
---------

Dubos medium was purchased from Difco, Detroit, MI, USA. Luria--Bertani (LB) broth, Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), minimum essential medium (MEM), sodium pyruvate, sodium nitrate, and amino acids were procured from HiMedia, Mumbai, India. Ampicillin, gentamicin, rifampicin, dimethyl sulfoxide (DMSO), 4′,6-diamidino-2-phenylindole (DAPI), phorbol myristate acetate, and MTT dye (3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide) were obtained from Sigma-Aldrich (St Louis, MO, USA).

Nanoparticles
-------------

Three AgNPs (S1, S2, and S3), AuNPs (G1, G2, and G3), and bimetallic Au--AgNPs (B1, B2, and B3) were used for preliminary screening against mycobacteria ([Table 1](#t1-ijn-11-1889){ref-type="table"}). These nanoparticles were synthesized in our laboratory using *B. prionitis* leaf extract (S1, G1, and B1), *P. zeylanica* root extract (S2, G2, and B2), and *S*. *cumini* bark extract (S3, G3, and B3) using the protocol described elsewhere.[@b9-ijn-11-1889]

Mycobacterial cultures
----------------------

Standard cultures of *M*. *bovis* BCG (ATCC 35743) and *M. tuberculosis* H37Ra (ATCC 25177) were procured from American Type Culture Collection (ATCC), Manassas, VA, USA. *M. bovis* and *M. tuberculosis* were grown in Dubos medium supplemented with 50 mM sodium nitrate and chemically defined *M*. *phlei* medium,[@b17-ijn-11-1889] respectively. The cultures were grown to log phase optical density (OD~595~ =1) under aerobic conditions at 37°C/150 rpm. Since mycobacteria grow in aggregated clumps, these were sonicated for 2 minutes using water bath sonicator (Ultrasonic, Freeport, IL, USA) to obtain dispersed cells. This step ensures the reproducibility of mycobacterial inoculation for experiments. For experiments, the active and dormant bacilli were cultivated in 96-well microtiter plates as per the protocol described by Khan and Sarkar.[@b17-ijn-11-1889]

Preliminary screening
---------------------

The phytogenic nanoparticles were screened for their inhibitory activity against dormant (12 days incubation) and active (8 days incubation) mycobacteria at concentrations of 0.1, 0.3, 1, 3, 10, 30, and 100 μg/mL. Activity against *M. bovis* was estimated through nitrate reductase (NR) assay, reading absorbance at 540 nm.[@b17-ijn-11-1889] XTT reduction menadione assay (XRMA) was performed to determine the inhibition of *M*. *tuberculosis*.[@b18-ijn-11-1889] The absorbance of XRMA was measured at 470 nm. Percentage inhibition was calculated using the following formula: $$\%\text{Inhibition} = \frac{\text{Control} - \text{NP}}{\text{Control} - \text{Blank}} \times 100$$where control is the activity of mycobacteria without nanoparticles; NP is the activity of mycobacteria in the presence of nanoparticles; and blank is the activity of culture medium without mycobacteria.

The experiment was performed in triplicate, and the quantitative value was expressed as the mean ± standard deviation.

In vitro and ex vivo minimum inhibitory concentration and IC~50~
----------------------------------------------------------------

Depending upon primary screening, dose--response assay was performed in vitro and ex vivo using AuNPs, AgNPs, and Au--AgNPs at concentration range of 0.02--2.56 μg/mL to estimate their minimum inhibitory concentration (MIC) and half maximal inhibitory concentration (IC~50~) against mycobacteria. In vitro activity against *M*. *tuberculosis* and *M. bovis* at active (8 days) and dormant (12 days) stage was performed using XRMA and NR assay,[@b17-ijn-11-1889],[@b18-ijn-11-1889] respectively, as described in the "Preliminary screening" section.

Ex vivo infection model assay was performed on human acute monocytic leukemia cell line (THP-1) after approval from the Institutional Ethical Committee, National Chemical Laboratory, Pune. The cell line was procured from the National Centre for Cell Science (NCCS), Pune, India, and the cells were cultured in RPMI 1640 medium supplemented with FBS (10%), sodium pyruvate (1 mM), nonessential amino acids (1%), glutamine (1%), gentamicin (50 mg/mL), and ampicillin (50 mg/mL), and incubated at 37°C in an atmosphere of 5% CO~2~. For infection model study, 3×10^5^ THP-1 cells/mL were passaged in complete RPMI having phorbol myristate acetate (100 nM/mL) in 96-well microtiter plates and plated for differentiation to macrophages for 24 hours. These were further infected with log phase *M. tuberculosis* at 100 multiplicity of infection for 12 hours. Plates were thoroughly washed with phosphate-buffered saline (PBS, pH 7.2), followed by addition of fresh MEM medium containing 50 mM sodium nitrate. Infected cells were then exposed to different concentrations of nanoparticles. Activity of nanoparticles was estimated through NR assay,[@b17-ijn-11-1889] as described in the "Preliminary screening" section, at the end of incubation period for active and dormant mycobacteria. Dose--response curve was plotted using OriginPro software (OriginLab Corporation, Northampton, MA, USA). The lowest concentration of nanoparticle exhibiting growth inhibition of ≥90% and 50% with respect to the growth control without nanoparticles were taken as the MIC and IC~50~, respectively. Rifampicin was used as a positive control. All experiments were carried out in triplicate.

Nanoparticle internalization in macrophages
-------------------------------------------

THP-1 cells were grown in 96-well microtiter plates having glass bottom for 24 hours, followed by treatment with 30 μg/mL concentration of bimetallic nanoparticles for 24 and 48 hours. After treatment, cells were fixed using 4% paraformaldehyde (prepared in PBS) at 4°C for 2 hours. The plates were thoroughly washed with sterile PBS and stained with DAPI (2 μg/mL) to visualize the nucleus. The imaging was carried out under CX5 High Content Screening (HCS) Platform (Thermo Fisher Scientific, Waltham, MA, USA) using 386 and 650 nm excitation wavelength. The three-dimensional (3D) multichannel-image processing was done using Thermo Scientific HCS Studio 2.0 Cell Analysis Software.

Cytotoxicity assay
------------------

The effect of nanoparticles to inhibit cell proliferation was determined using human tumor cells, including acute monocytic leukemia cell line THP-1 (NCCS), and lung adenocarcinoma cell line (A549) and pancreas adenocarcinoma cell line (PANC-1) obtained from the European Collection of Cell Cultures, Salisbury, UK. THP-1 cells were maintained in RPMI 1640 medium, while A549 and PANC-1 cells were maintained in DMEM. These media were supplemented with 10% FBS and 50 mg/mL gentamicin. The cell lines were maintained at 37°C and 5% CO~2~ in a humidified environment. In vitro cytotoxicity against these human cell lines was determined using MTT assay as described previously.[@b19-ijn-11-1889] Briefly, log phase cells were harvested using trypsin (0.05% trypsin, 0.02% ethylenediaminetetraacetic acid, in PBS) from tissue culture flask. The suspension was diluted with appropriate culture medium to obtain cell density of 10^5^ cells/mL as determined by hemocytometry. An aliquot of 100 μL of each suspension was seeded in 96-wells cell culture plates, and these were incubated at 37°C in a CO~2~ incubator (Thermo Fisher Scientific) for 24 hours. Cells were then treated with nanoparticles (1 μL/well) at varying concentrations of 100, 30, 10, and 3 μg/mL for 48 hours. After this, the wells were washed thoroughly with PBS to remove unattached cells. Furthermore, 10 μL MTT (5 mg/mL in PBS) was added to the adhered cells in growth medium, and the plates were incubated at 37°C for 4 hours for MTT cleavage. The formazan product thus formed was solubilized by the addition of 100 μL HCl (0.04 N) in isopropanol. Absorbance was measured on a SpectraMax^®^ PLUS 384 plate reader (Molecular Devices LLC, Sunnyvale, CA, USA) at wavelength of 570 nm. Percentage cytotoxicity was calculated using the following formula: $$\%\text{Cytotoxicity} = \frac{\text{Control} - \text{NP}}{\text{Control} - \text{Blank}} \times 100$$where control is the cell growth in medium without nanoparticles; NP is the cell growth in the presence of nanoparticles; and blank is the culture medium without cells.

The experiment was performed in triplicate and the quantitative value was expressed as the mean ± standard deviation. Paclitaxel, an anticancer drug, was used as a positive control. Suitable controls with equivalent concentration of DMSO were also included.

Specificity of Au--AgNPs
------------------------

Nanoparticles at concentrations of 0.1, 0.3, 1, 3, 10, 30, and 100 μg/mL were tested against Gram-negative and -positive bacterial pathogens to determine their specificity. *Escherichia coli* (NCIM 2931), *Staphylococcus aureus* (MTCC 3160), and *Streptococcus mutans* (MTCC 497) were obtained from National Collection of Industrial Microorganisms (NCIM), Pune, India, and Microbial Type Culture Collection (MTCC), Chandigarh, India. *Acinetobacter baumannii* AIIMS 7 (GenBank EU779829) isolated in our laboratory has been used in the study. The cultures were grown in LB medium at 37°C/150 rpm. For antibacterial assay, OD-adjusted (OD~620~=1) culture was inoculated in LB broth (1% v/v). In 96-well microtiter plate, 5 μL nanoparticles, and 245 μL culture were dispensed, and plates were incubated at 37°C for 18 hours, followed by reading the absorbance at 620 nm. Ampicillin was taken as a positive control. Wells for growth and sterility control were also included. MIC and IC~50~ values were calculated from the dose--response curve.

Selectivity index
-----------------

Selectivity index was calculated by dividing lethal concentration, 50% (LC~50~) for cell lines by the MIC for in vitro activity against active/dormant *M*. *tuberculosis*.[@b20-ijn-11-1889] LC~50~ was taken as the lowest concentration of nanoparticles killing 50% of the cells as obtained from the percentage cytotoxicity curve plotted using OriginPro.

Results and discussion
======================

Preliminary screening
---------------------

In this study, mono-(AuNPs and AgNPs) and bimetallic (Au--AgNPs) nanoparticles synthesized from plants have been compared for their antitubercular activity. AgNPs are well known for their antimicrobial nature and have been shown to kill bacteria, fungi, and yeast alone and in combination with various antibiotics.[@b16-ijn-11-1889] AgNPs synthesized from leaf extract of *Psidium guajava* are demonstrated to have inhibitory effect on mycobacteria through disc diffusion assay.[@b21-ijn-11-1889] Naik et al[@b22-ijn-11-1889] reported the antimycobacterial activity of leaf extracts of *Artemisia nilagirica* and *Murraya koenigii*. Few studies have also described the mycobactericidal activity of chemical and microbial AgNPs.[@b8-ijn-11-1889],[@b23-ijn-11-1889],[@b24-ijn-11-1889] However, there are no reports on antitubercular effects of bimetallic Au--AgNPs. Moreover, this is the first study to compare the mycobactericidal efficacy of phytogenic AuNPs, AgNPs, and Au--AgNPs synthesized using extract from three medicinal plants viz *B. prionitis*, *P. zeylanica*, and *S. cumini* ([Table 1](#t1-ijn-11-1889){ref-type="table"}). In preliminary screening, all nine nanoparticles (S1, S2, S3, G1, G2, G3, B1, B2, and B3) were tested against active and dormant *M*. *bovis* BCG and *M. tuberculosis* at concentrations 0.1, 0.3, 1, 3, 10, 30, and 100 μg/mL. [Figure 1](#f1-ijn-11-1889){ref-type="fig"} shows the percentage inhibition obtained at 3 μg/mL concentration of nanoparticles. Bimetallic Au--AgNPs (B1, B2 and B3) exhibited profound mycobactericidal potency, inhibiting \>90% of mycobacterial growth at 3 μg/mL. Phytogenic Au--AgNPs from *P. zeylanica* and *Dioscorea bulbifera* have been reported to possess antibacterial, antibiofilm, and anti-leishmanial activity.[@b9-ijn-11-1889],[@b10-ijn-11-1889] On exposure to AgNPs, 60%--85% inhibition was observed except S2, which showed up to 32% inhibition against dormant mycobacteria. This is in accordance with the earlier studies on antimicrobial property of AgNPs.[@b25-ijn-11-1889],[@b26-ijn-11-1889] Since dormancy is the reversible state of metabolic shut down, mycobacteria offer greater resistance to treatment in dormant stage than active ones. Even at the highest concentration of 100 μg/mL, AuNPs showed least activity in inhibiting mycobacteria contradicting the report on antimicrobial activity of AuNPs.[@b27-ijn-11-1889] Size- and shape-dependent antimicrobial activity of metal nanoparticles has been reported, which could explain the difference in action of nanoparticles against mycobacteria.[@b28-ijn-11-1889],[@b29-ijn-11-1889] Owing to uniform shape and size, monodispersed nanoparticles are suggested to be more effective than polydispersed nanoparticles.[@b30-ijn-11-1889] Moreover, additive effect of silver and gold components in Au--AgNPs may render them highly active against mycobacteria compared to AgNPs and AuNPs.[@b9-ijn-11-1889]

In vitro and ex vivo MIC and IC~50~
-----------------------------------

These phytogenic nanoparticles were further tested to determine their MIC and IC~50~ against mycobacteria under in vitro and within THP-1 host macrophages ([Table 2](#t2-ijn-11-1889){ref-type="table"}). In accordance with [Figure 1](#f1-ijn-11-1889){ref-type="fig"}, in vitro studies against *M. bovis* BCG and *M. tuberculosis* revealed the strongest antitubercular activity of Au--AgNPs (B1, B2, and B3). Among Au--AgNPs, B3 was found to be highly effective to inhibit both active and dormant mycobacteria, with MIC ranging from 0.32 to 1.05 μg/mL. MIC (\>2.56 μg/mL) and IC~50~ (0.87--2.56 μg/mL) of AgNPs corroborate their well-known antimicrobial nature.[@b25-ijn-11-1889],[@b26-ijn-11-1889] However, the activity is not profound as that of Au--AgNPs, and still higher concentration of AgNPs is required for complete mycobacterial inhibition. AuNPs exhibited least activity where both MIC and IC~50~ was \>2.56 μg/mL. In comparison to our earlier study with chemical and bacterial AgNPs having MIC in the range of 1.31--2.56 μg/mL, these phytogenic Au--AgNPs showed much better mycobactericidal activity.[@b8-ijn-11-1889] Moreover, there are no reports on bimetallic nanoparticles, although biogenic AgNPs have been demonstrated to inhibit mycobacteria. AgNPs from fungi *Rhizopus stolonifer* were reported to have MIC of 12.5 μg/mL against *M. tuberculosis*,[@b23-ijn-11-1889] and those synthesized using *Cucumis sativus* plant extract exhibited MIC ranging from 7.8 to 15.6 μg/mL.[@b31-ijn-11-1889] MIC of AgNPs from *P. guajava* against mycobacteria has not been reported; however, inhibitory zone of 7.23±0.12 mm was seen at AgNP concentration of 100 μL/disc.[@b21-ijn-11-1889] In a recent study, leaf extract of 14 medicinal plants showed MIC in the range of 0.08--2.5 mg/mL against *M. smegmatis*, *M. fortuitum*, *M. aurum*, and *M. tuberculosis*.[@b32-ijn-11-1889]

The pattern was similar in ex vivo THP-1 infection model assay with Au--AgNPs having highest efficiency to inhibit *M. tuberculosis* ([Table 2](#t2-ijn-11-1889){ref-type="table"}). Morphology- and composition-dependent activity may be the plausible reason for this.[@b9-ijn-11-1889],[@b28-ijn-11-1889],[@b29-ijn-11-1889] MIC of dormant stage mycobacteria was observed to be greater than its active stage. The antimicrobial activity of an agent can be classified as significant if MIC \<100 μg/mL, moderate if 100\< MIC \<625 μg/mL, and weak if MIC \>625 μg/mL.[@b33-ijn-11-1889] In view of this, the overall antitubercular activity exhibited by these phytogenic nanoparticles is significant, although they possess lower potencies as compared to that of standard drug, rifampicin. Further experiments were carried out with the most effective Au--AgNPs (B1, B2, and B3).

Internalization of nanoparticles in macrophages
-----------------------------------------------

Since *M*. *tuberculosis* is an intracellular pathogen, which normally resides within the intracellular compartment of macrophages, it is necessary to demonstrate that nanoparticles can enter the macrophages to exert antimycobacterial activity. [Figure 2](#f2-ijn-11-1889){ref-type="fig"} shows the microscopic images confirming the time-dependent internalization of Au--AgNPs in macrophages after 24 and 48 hours. Nanoparticles have been visualized through excitation at 650 nm, without staining or tagging, due to the surface plasmon resonance effect present in noble metals. A similar technique was employed by Cronholm et al[@b34-ijn-11-1889] for the visualization of Ag-nano and CuO-nano inside A549 cells. The results indicated the significant potential of these phytogenic nanoparticles to kill TB bacteria in vivo, which needs further investigation.

Cytotoxicity of Au--AgNPs toward cell lines
-------------------------------------------

Green synthesis of nanoparticles by plants is generally considered to be clean, safe, and nontoxic. Therefore, Au--AgNPs were tested against human cell lines for their antiproliferative activity. [Figure 3](#f3-ijn-11-1889){ref-type="fig"} represents the percentage cytotoxicity obtained against cell lines of different origin at 30 μg/mL concentration of Au--AgNPs through MTT assay. The concentration tested was almost ten times higher than the observed MIC for mycobacteria. Up to 45% inhibition was observed at such a high concentration of nanoparticles after 48 hours of treatment, suggesting the biocompatible nature of plant-mediated Au--AgNPs. B2 and B3 showed equivalent cytotoxicity (16%--34%) against THP-1, A549, and PANC-1 cell lines, while B1 exhibited comparatively higher cytotoxicity (20%--45%). Although cytotoxicity of AgNPs has been observed against human cell lines,[@b35-ijn-11-1889] it might be the gold component in Au--AgNPs that makes them biocompatible in this study. Moreover, plant-associated organic compounds involved in synthesis of Au--AgNPs may also render them nontoxic to the cell lines.

Specificity of Au--AgNPs
------------------------

To check the specificity of Au--AgNPs for mycobacteria, these nanoparticles were tested against Gram-positive and -negative bacteria to determine MIC and IC~50~ ([Table 3](#t3-ijn-11-1889){ref-type="table"}). Gram-positive bacteria, *S*. *aureus* and *S*. *mutans*, showed higher resistance, with MIC ranging from 62 to 99 μg/mL for B1, B2, and B3. MIC of Gram-negative bacteria was in the range of 30--86 μg/mL. This difference in activity of nanoparticles against bacteria is due to the difference in their cell wall acting as a barrier against penetration of nanoparticles.[@b26-ijn-11-1889],[@b30-ijn-11-1889] It was observed that MIC values of these Au--AgNPs are up to 39-fold higher against bacteria than that of mycobacteria. In our previous study, MIC of chemical and bacterial AgNPs was reported to be 33-fold higher than that of mycobacteria.[@b8-ijn-11-1889] This indicates that Au--AgNPs, synthesized from plants, have greater specificity toward mycobacteria.

Selectivity index
-----------------

Selectivity index describes the selectivity of Au--AgNPs toward human cell line against *M*. *tuberculosis* ([Table 4](#t4-ijn-11-1889){ref-type="table"}). It reflects the amount of agent/drug that is effective against mycobacteria without harming the host cells. LC~50~ of these nanoparticles against the tested cell lines was \>100 μg/mL, except B1 and B3 where LC~50~ against THP-1 was 90.61 and 99.43, respectively. Among Au--AgNPs, B3 showed the highest selectivity index (94--108) in dormant and active stage. Selectivity index of B1 and B2 was in the range of 39--64. Previously, we obtained the selectivity index of chemical and bacterial AgNPs of up to 23.[@b8-ijn-11-1889] In a similar study, selectivity index of leaf extract of 14 medicinal plants was reported to be in the range of 0.06--3.3,[@b32-ijn-11-1889] which is far too low compared to that of phytogenic Au--AgNPs employed in this study.

Despite higher selectivity index, conventional TB drugs, such as rifampicin, are losing their functional value due to the development of resistance among mycobacteria and requirement of high dose for treatment, which can cause side effects in TB patients.[@b4-ijn-11-1889] Also, unlike antibiotics, nanoparticles do not act on microorganism in a single specific way. Multiple mechanisms, such as morphology disruption, DNA cleavage, inhibition of DNA replication, and enzyme inactivation, have been proposed to elucidate the killing action of nanoparticles,[@b30-ijn-11-1889] which makes the act of coping, adapting, and survival of microorganisms difficult in the presence of nanoparticles. Moreover, the antimycobacterial activity of an agent is considered to be specific when selectivity index \>10.[@b36-ijn-11-1889] In our report, Au--AgNPs exhibited high selectivity index, indicating their potential as antitubercular agent, and these should be investigated further.

Conclusion
==========

This is the first study to report the antitubercular activity of phytogenic AuNPs, AgNPs, and Au--AgNPs. Au--AgNPs exhibited profound efficiency to inhibit mycobacteria in dormant and active stage. Among these, Au--AgNPs synthesized from *S*. *cumini* showed greater specificity and selectivity toward mycobacteria. The results obtained with Au--AgNPs are much more promising compared to our earlier study with AgNPs obtained from bacterial and chemical reduction, with almost four times increase in selectivity. Moreover, satisfactory biocompatibility against human cancer cell lines makes them good candidates for further investigation in the search for new active therapeutic compounds. Although rifampicin has very high selectivity, the importance of this study lies in the fact that microorganisms are rapidly acquiring resistance against conventional drugs and that alternative strategies are urgently needed. Studies on effects of combination of Au--AgNPs and TB drugs against mycobacteria are under investigation. Moreover, experimental studies are needed to gauge the in vivo significance of these nanoparticles, either individually or in synergy with other antibiotics. Mechanism of antimycobacterial activity of nanoparticles also warrants further investigation.
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![Percentage inhibition of active and dormant stage mycobacteria in the presence of 3 μg/mL silver, gold, and gold--silver bimetallic nanoparticles synthesized from (**A**) *Barleria prionitis*, (**B**) *Plumbago zeylanica*, and (**C**) *Syzygium cumini*.\
**Notes:** S1, S2, and S3, silver nanoparticles; G1, G2, and G3, gold nanoparticles; B1, B2, and B3, gold--silver bimetallic nanoparticles.\
**Abbreviations:** MTB, *Mycobacterium tuberculosis* H37Ra (ATCC 25177); BCG, *M*. *bovis* BCG (ATCC 35743).](ijn-11-1889Fig1){#f1-ijn-11-1889}

![Internalization of B3 gold--silver bimetallic nanoparticles inside THP-1 cells.\
**Notes:** Upper panel shows image of (**A**) control THP-1 cells (20×), (**B**) THP-1 cells with nanoparticles (20×), and (**C**) THP-1 cells with nanoparticles (60×) after 24 hours treatment. Lower panel shows image of (**D**) control THP-1 cells (20×), (**E**) THP-1 cells with nanoparticles (20×), and (**F**) THP-1 cells with nanoparticles (60×) after 48 hours treatment. Blue color corresponds to nucleus and red color denotes nanoparticles. Scale bar represents 200 and 50 μm for 20× and 60× magnification, respectively.\
**Abbreviation:** THP-1, acute monocytic leukemia cell line.](ijn-11-1889Fig2){#f2-ijn-11-1889}

![Percentage cytotoxicity of gold--silver bimetallic nanoparticles at 30 μg/mL against human cell lines.\
**Note:** B1, B2, and B3, gold--silver bimetallic nanoparticles.\
**Abbreviations:** THP-1, acute monocytic leukemia cell line; A549, lung adenocarcinoma cell line; PANC-1, pancreas adenocarcinoma cell line.](ijn-11-1889Fig3){#f3-ijn-11-1889}

###### 

Morphology of phytogenic metal nanoparticles used for primary screening

  Source                 AgNPs                     AuNPs                           Au--AgNPs
  ---------------------- ------------------------- ------------------------------- ------------------------
  *Barleria prionitis*   10--120 nm polydisperse   15--35 nm polydisperse          10--70 nm polydisperse
  *Plumbago zeylanica*   60 nm spherical           20--30 nm spherical, triangle   90 nm hexagonal
  *Syzygium cumini*      9--35 nm polydisperse     14--60 nm polydisperse          10--20 nm spherical

**Abbreviations:** AgNPs, silver nanoparticles; AuNPs, gold nanoparticles; Au--AgNPs, gold--silver bimetallic nanoparticles.

###### 

Antitubercular activity of metal nanoparticles by in vitro and ex vivo assay

  Nanoparticle sample designation   In vitro activity   Ex vivo activity                                                                                    
  --------------------------------- ------------------- ------------------ -------- -------- -------- -------- -------- -------- -------- -------- -------- --------
  S1                                2.05                \>2.56             1.89     \>2.56   2.23     \>2.56   2.09     \>2.56   2.42     \>2.56   1.23     \>2.56
  S2                                \>2.56              \>2.56             1.06     \>2.56   \>2.56   \>2.56   1.31     \>2.56   \>2.56   \>2.56   1.29     \>2.56
  S3                                1.58                \>2.56             0.91     \>2.56   1.45     \>2.56   0.87     \>2.56   1.82     \>2.56   0.98     \>2.56
  G1, G2, G3                        \>2.56              \>2.56             \>2.56   \>2.56   \>2.56   \>2.56   \>2.56   \>2.56   \>2.56   \>2.56   \>2.56   \>2.56
  B1                                0.06                0.45               0.03     0.42     0.14     2.26     0.12     1.56     0.08     1.22     0.03     1.17
  B2                                0.10                0.64               0.05     0.38     0.11     2.53     0.11     1.96     0.03     2.16     0.08     1.46
  B3                                ND                  0.32               ND       0.42     0.07     1.05     0.06     0.93     0.03     0.56     0.05     0.63
  Rifampicin                        0.0083              0.023              0.002    0.014    0.0014   0.043    0.0018   0.048    0.0018   0.048    0.0021   0.051

**Notes:** The values are in μg/mL. The lowest concentration of nanoparticle inhibiting ≥90% and 50% with respect to the growth control without nanoparticles were taken as the MIC and IC~50~, respectively. The experiments were repeated thrice. S1, S2, and S3, silver nanoparticles; G1, G2, and G3, gold nanoparticles; B1, B2, and B3, gold--silver bimetallic nanoparticles.

**Abbreviations:** IC~50~, half maximal inhibitory concentration; MIC, minimum inhibitory concentration; ND, not determined.

###### 

Antibacterial activity of bimetallic nanoparticles against Gram-positive and -negative bacteria

  Samples      *Staphylococcus aureus*   *Streptococcus mutans*   *Escherichia coli*   *Acinetobacter baumannii*                           
  ------------ ------------------------- ------------------------ -------------------- --------------------------- ------- ------- ------- -------
  B1           27.94                     67.87                    25.15                62.61                       13.56   49.98   16.89   49.24
  B2           34.29                     72.39                    26.98                68.23                       12.89   30.34   20.39   44.12
  B3           54.12                     98.14                    48.67                95.91                       23.67   55.87   43.18   85.23
  Ampicillin   65.91                     \>100                    26.03                62.24                       1.03    2.89    \<100   \<100
  Rifampicin   \>100                     \>100                    \>100                \>100                       23.81   86.23   87.12   \<100

**Notes:** The values are in μg/mL. The lowest concentrations of nanoparticle inhibiting ≥90% and 50% with respect to the growth control without nanoparticles were taken as the MIC and IC~50~, respectively. The experiments were repeated thrice. B1, B2, and B3, gold--silver bimetallic nanoparticles.

**Abbreviations:** IC~50~, half maximal inhibitory concentration; MIC, minimum inhibitory concentration.

###### 

Selectivity index of bimetallic nanoparticles on human cell lines against *Mycobacterium tuberculosis*

  Samples      Dormant state   Active statev                                  
  ------------ --------------- --------------- -------- ---------- ---------- ----------
  B1           40.09           44.25           44.25    58.08      64.10      64.10
  B2           39.53           39.53           39.53    51.02      51.02      51.02
  B3           94.69           95.24           95.24    106.91     107.53     107.53
  Rifampicin   666.67          666.67          666.67   1,041.67   1,041.67   1,041.67

**Notes:** Selectivity index was calculated by dividing LC~50~ for cell lines by the MIC for in vitro activity against active/dormant *M*. *tuberculosis*. B1, B2, and B3, gold--silver bimetallic nanoparticles.

**Abbreviations:** THP-1, acute monocytic leukemia cell line; A549, lung adenocarcinoma cell line; PANC-1, pancreas adenocarcinoma cell line; LC~50~, Lethal concentration, 50%; MIC, minimum inhibitory concentration.
